Dicer is a specialized ribonuclease that processes double-stranded RNA (dsRNA) into small RNA fragments about 25 nucleotides in length during the initiation phase of RNA interference (RNAi). We previously determined the crystal structure of a Dicer enzyme from the diplomonad Giardia intestinalis and proposed a structural model for dsRNA processing. Here, we provide evidence that Dicer is composed of three structurally rigid regions connected by flexible hinges and propose that conformational flexibility facilitates dsRNA binding and processing. We also examine the role of the accessory domains found in Dicers of higher eukaryotes but absent in Giardia Dicer. Finally, we combine the structure of Dicer with published biochemical data to propose a model for the architecture of the RNA-induced silencing complex (RISC)-loading complex.
RNAi is a widespread eukaryotic regulatory process in which dsRNA triggers the silencing of cognate genes (Hannon 2002) . The initiation of RNAi and related gene-silencing pathways requires cleavage of input dsRNA into small RNA fragments, ranging from 21 to 27 nucleotides in length, by the enzyme Dicer . The small RNAs are subsequently bound by members of the Argonaute family of proteins, which function as the core components of a diverse family of protein-RNA complexes called RISC Song et al. 2004) . RISC and related complexes use the small RNAs as guides for sequence-specific gene silencing via translational repression (Pillai et al. 2005) , mRNA degradation (Hammond et al. 2000) , and heterochromatin formation (Verdel et al. 2004) .
We previously reported the crystal structure of Dicer from the parasite G. intestinalis (MacRae et al. 2006) . The Giardia Dicer is smaller than Dicer enzymes of higher eukaryotes largely because it lacks an aminoterminal helicase and carboxy-terminal dsRNA-binding domain (dsRBD) . Giardia Dicer is an elongated molecule measuring approximately 100 Å long and 30-50 Å wide with a shape resembling a hatchet. The "blade" of the molecule is made up of two RNase III domains that connect to the PAZ domain by a long α-helix which spans the length of the hatchet "handle."
In our model of dsRNA processing, Dicer functions as a molecular ruler to produce dsRNA fragments 25 nucleotides in length. Dicer works by recognizing the end of a dsRNA with its PAZ domain and then cutting the dsRNA with its RNase III domains (Fig. 1) . The distance between the PAZ and RNase III domains determines the length of the small RNAs generated by Dicer. In the case of Giardia Dicer, this distance is 65 Å, which leads to the production of small RNAs about 25 nucleotides in length. On the basis of biochemical data, a similar model for processing of dsRNA was proposed for human Dicer (Zhang et al. 2004 ).
METHODS AND MATERIALS
Structural analysis. The crystal structure of Giardia Dicer was taken from the Protein Data Bank (accession number 2FFL), and C-alpha atoms of the A and B chain copies were superimposed using lsqkab of the CCP4 program suite. Normal mode analysis was performed using the ElNémo interface (http://igs-server.cnrsmrs.fr/elnemo/index.html).
Human Dicer expression and purification. Human Dicer was expressed in Sf-9 cells using a baculoviral system as described previously (Myers et al. 2003) . Truncated human Dicer lacking the amino-terminal helicase domain was generated by expressing residues M605-S1922 using baculovirus as well. After 72 hours of baculoviral infection at 27°C, 1-2 liters of Sf-9 cells (1 x 10 6 cells /ml) were harvested by gentle centrifugation and then homogenized in 50 ml of lysis buffer containing 0.3 M NaCl, 0.5% Triton X-100, 5% glycerol, 10 mM imidazole, 0.5 mM TCEP, 50 mM H 2 PO 4 (pH 8.0), and 1 tablet of EDTA-free protease inhibitor cocktail (Roche). Insoluble material was removed by centrifugation, and the soluble cell extract was then incubated with 5 ml of Ni-NTA resin (QIAGEN) for 30 minutes at 4ºC. The resin was pelleted by gentle centrifugation and resuspended in 50 ml of wash buffer (0.3 M NaCl, 5% glycerol, 20 mM imidazole, 0.5 mM TCEP, 50 mM H 2 PO 4 at pH 8.0). The washed resin was pelleted again, and the wash step was repeated a total of five times. Protein was eluted from the Ni-NTA resin by resuspending washed resin in 15 ml of elution buffer (0.3 M NaCl, 0.3 M imidazole, 5% glycerol, 0.5 mM TCEP, 50 mM H 2 PO 4 at pH 8.0). The eluted protein was dialyzed against 1 liter of Ni-NTA column wash buffer at 4°C overnight in the presence of TEV protease (Lucast et al. 2001) , which removes the amino-terminal His 6 tag engineered onto Dicer. The dialyzed protein solution was then passed through a 5-ml Ni-NTA column. Unbound material was collected, concentrated to 1 ml, and run over a Superdex 200 16/60 column (Amersham Pharmacia) equilibrated in 0.1 M NaCl, 0.5 mM dithiothreitol (DTT), 5% glycerol, 40 mM HEPES (pH 7.5). Dicer-containing fractions were applied to a Mono-Q column equilibrated in the same buffer and eluted with a linear gradient of 0.1-1.0 M NaCl. Dicercontaining fractions were pooled, dialyzed against 1 liter of storage buffer (0.1 M NaCl, 0.5 mM DTT, 10% glycerol, 20 mM HEPES at pH 7.5) and then frozen at -80°C for long-term storage. This preparation typically yields 0.5-1 mg of human Dicer, more than 95% pure. Dicing assays were performed with 50 ng of purified protein using an internally labeled 32 P 155-bp dsRNA substrate as described recently (MacRae et al. 2006 ). S. pombe strains and media. The S. pombe strain used in this study was h -dcr1Δ:: KanMX6, otr1R(SphI)::ade6, ura4 -DS/E. Standard techniques were used for growth and manipulation of fission yeast (Moreno et al. 1991) . The yeast extract with supplements (YES) was used as a complete culture and EMM2 as a minimum medium.
S. pombe plasmid construction. Wild-type dcr1 ORF (open reading frame) was amplified from S. pombe genomic DNA and cloned between the SalI and BamHI sites of the expression vector pREP2. The dcr1-K38A construct was generated by changing the Lys-38 codon to alanine with PCR (polymerase chain reaction) mutagenesis. To construct the helicase deletion version of dcr1 (dcr1-hd), the dcr1 DNA fragment was amplified from amino residue 468 to the stop codon and then cloned as a SalI-BamHI fragment into pREP2.
CONFORMATIONAL FLEXIBILITY AND DSRNA PROCESSING
A key feature of Dicer is that it can process dsRNA in a sequence-independent manner . In fact, Dicer readily acts on dsRNAs that contain even noncanonical base-pairings and minor deviations in duplex structure (Hutvagner et al. 2001) . Physiologically, this is a critical feature of the enzyme because it allows virtually any dsRNA, regardless of its origin, entry into the RNA-silencing pathways. One notable exception to this rule is dsRNA lacking an open end, which Dicer cannot process. Dicer prefers substrates with a two-base 3′ overhang, but it can process blunt-ended and 5′-overhang dsRNAs as well.
In the model of Giardia Dicer bound to a dsRNA substrate, the RNA was purposely bent near the junction between the platform and RNase IIIa domain to allow a reasonable fit onto the protein. This may indicate that Dicer physically bends dsRNA upon binding, which could enable Dicer to deal with structural diversity in its substrates. A second possibility is that Dicer itself bends and adjusts its shape to match the structure of dsRNA substrates. Here, we present evidence that Dicer does indeed display conformational flexibility, which may be an important part of dsRNA recognition and processing.
The crystal structure of Giardia Dicer contains four copies of the molecule in the crystallographic asymmetric unit, providing four distinct and unique structures of Dicer. Superimposing the RNase III domains of two of these structures shows a relative shift in the lower portion of the protein. Close examination of this superposition reveals that Dicer is composed of three structurally rigid regions connected by flexible hinges. The "RNase region" is made up of both RNase III domains and the bridging domain. The "platform region" is composed of the platform domain and the connector helix, and the third region is the PAZ domain (Fig. 2, left) .
The most dramatic difference between the two structures is the shift in position of the PAZ domain, which moves about 5 Å. The hinge for this movement (hinge 1) can be traced to a single point in the connector helix where there is a distinct kink in the helix (Fig. 2, right) . The kink is most likely induced by the presence of Pro-266, which sits in the apex of the kink. Comparison of Dicer sequences from a variety of organisms shows that proline is strictly conserved at this position in the primary sequence (MacRae et al. 2006 ). Thus, a kinked connector helix is likely a structural feature of all Dicer enzymes. The strict conservation of proline at this position argues that the connector helix kink and the hinge it forms between the platform and PAZ regions have an important role in Dicer function, most likely facilitating conformational flexibility.
The second hinge in Dicer resides between the platform and RNase regions. Unlike the connector helix kink, there is no distinct point in the polypeptide chain that forms the hinge between the two regions. Instead, the positional shift is diffused along the platform loop and the loop following the connector helix. The movement between the two structures in this region is a 5°rotation of the RNase region around the long axis of the molecule, which approximately coincides with the connector helix.
In addition to comparing static crystal structures of Giardia Dicer, we also explored possible conformational flexibility in the protein by normal mode analysis (Suhre and Sanejouand 2004) . This analysis predicts similar structurally rigid regions of Dicer connected by hinges in approximately the same locations as described above. The largest positional shifts in the analysis were between the RNase and platform regions, with the RNase predicted to both rotate and bend with respect to the platform (Fig. 3) .
Structural analysis of Giardia Dicer reveals that the enzyme possesses a substantial degree of conformational flexibility. We propose that the three structural regions of Dicer flex and rotate relative to each other as the enzyme engages its dsRNA substrates. This is analogous to the "induced fit" classically seen in enzyme-active sites when bound to small-molecule substrates, except that in the case of Dicer, which has a substrate more than 80 Å long, the induced fit spans the length of the protein.
Flexibility is likely a critical feature of Dicer because it allows the enzyme to adjust its shape to accommodate structural diversity in its dsRNA substrates. This is particularly important in the processing of pre-microRNAs (premiRNAs), which are typically riddled with RNA helical imperfections (Pasquinelli et al. 2000; Lau et al. 2001) . The ability of Dicer to cope with deviations from ideal RNA duplex structure allows pre-miRNAs to function as imperfect duplexes. Evolutionarily, this is an important point because it means that mutations on both sides of miRNA precursors will be tolerated, allowing nature to create new miRNAs from old as well as to adjust thermodynamic asymmetry across the pre-miRNA and thereby optimizing the guide:passenger strand ratio that is incorporated into miRNPs. Thus, conformational flexibility in Dicer's structure allows evolutionary flexibility in miRNA function.
ROLES FOR ACCESSORY DOMAINS IN DICER
The structure of Giardia Dicer represents the functional core structure that is likely to be common to all Dicer enzymes (Zhang et al. 2004 ). This relatively small and simple protein is fully capable of dicing dsRNA in vitro and is sufficient to support RNAi in vivo (MacRae et al. 2006) . However, several of the domains commonly found in Dicer proteins of higher eukaryotes are not present in the Giardia enzyme. Most notably, Giardia Dicer lacks the amino-terminal DExD helicase present in human, fly, worm, plant, and fission yeast Dicers. Although the presence of the Dicer helicase is broadly conserved among higher eukaryotes, no function has yet been assigned to this domain. Possible activities of the Dicer helicase domain include unwinding of product siRNAs, translocating Dicer along dsRNA substrates, and facilitating the handoff of substrates or products with other components of the RNAi machinery.
We examined the role of the helicase in dicing by producing a version of human Dicer that lacks the entire helicase. The truncated protein was stable and well behaved, indicating that the core structure of Dicer was not perturbed by the removal of the helicase. Furthermore, the truncated Dicer displayed activity comparable to that of the wild-type protein in an in vitro dicing assay in both the presence and absence of ATP (Fig. 4) . Thus, in the absence of other cellular factors, the helicase domain does not facilitate processing of dsRNA by human Dicer. This finding is consistent with previous results which showed that mutation of the ATP-binding Walker A motif did not impair the activity of purified recombinant human Dicer (Zhang et al. 2002) .
To investigate the in vivo function of the Dicer helicase domain, we produced a mutant version of Schizosaccharomyces pombe Dicer in which Lys-38, the helicase Walker A motif lysine, is changed to alanine (named dcr1-K38A). Mutation of the analogous lysine residue eliminates ATP binding and hydrolysis in the DExD helicase eIF4AIII (Shibuya et al. 2006 ). This mutation should therefore render the Dicer helicase catalytically inactive while leaving the helicase domain structurally intact. We also created a version of S. pombe Dicer lacking the entire helicase domain (named dcr1-hd for helicase deletion). pREP2 expression plasmids carrying either the wildtype S. pombe Dicer or one of the two mutants were introduced into a Dicer deletion strain of S. pombe. The S. pombe strain used also contained the marker gene ade6 at the heterochromatic otr region of the centromere. Transformants were isolated and plated in serial dilutions on Edinburgh minimal medium (EMM) without adenine. Because silencing of the marker gene ade6 was disrupted, the dcr1Δ strain grew well on the plate. As expected, the strain transformed by the vector with wild-type Dicer displayed poor growth, indicating that ectopic expression of Dicer rescues the dcr1Δ centromeric silencing defect (Fig. 5, top) . The two strains carrying the helicase mutants, dcr1-K38A and dcr1-hd, displayed a slower growth rate than the dcr1 deletion strain, although not as slow as the wild type, indicating that even the Dicer lacking a helicase domain imparts partial functional complementation to the dcr1Δ mutant.
To further characterize the S. pombe Dicer mutants, sensitivity to the microtubule-destabilizing drug, thiabendazole (TBZ), was investigated. dcr1Δ cells display a strong sensitivity to TBZ, presumably due to increased chromosome missegregation. The vector with wild-type dcr1 + fully rescued the TBZ sensitivity 76 MACRAE ET AL. phenotype of the dcr1Δ mutant. A partial functional rescue of dcr1Δ cells was also achieved by episomal expression of the dcr1 helicase mutants, consistent with the results from the silencing assay (Fig. 5, bottom) . Taken together, these results demonstrate that the helicase domain is not absolutely required for Dicer function in vivo. However, the helicase may still have a role in increasing efficient Dicer activity since overexpression of dcr1 helicase mutants gave only partial rescue of the dcr1Δ mutant. The finding that the Dicer helicase is not required for RNAi suggests that this domain does not have an essential role or that it is redundant with another factor. It is therefore unlikely that the helicase is solely responsible for a critical step in the process such as unwinding of the short interfering (siRNA) duplex. Consistent with this notion, we were unable to observe siRNA duplex unwinding activity using purified recombinant fulllength human Dicer in vitro (data not shown).
We favor a model in which the Dicer helicase domain functions by facilitating the action of the enzyme in vivo. Two possible roles by which the helicase could increase Dicer activity are as a molecular motor for processivity or as an aid to the handoff of dsRNA substrates or products with other components of the RNAi machinery. Our finding that removal of the helicase domain from human Dicer does not impair dicing activity in a purified in vitro assay argues against a processivity function for the helicase. Consistent with this notion, we were unable to detect processivity during dsRNA processing with recombinant human Dicer (data not shown). We therefore suspect that the Dicer helicase functions in vivo to facilitate the handoff of dsRNA substrates or products with other components of the RNAi machinery. A likely possibility is that the dsRNA substrates of Dicer are not naked in the cell but are bound to a variety of cellular factors. The helicase domain of human Dicer may help remove or reposition these factors and allow Dicer to bind and process the RNA. Indeed, the DExD RNA helicases NPH-II and DED1 have been shown to catalyze protein displacement from RNA (Jankowsky et al. 2001; Fairman et al. 2004 ). This model is also consistent with the finding that in HeLa cell extracts, Dicer requires ATP to bind exogenous siRNAs (Pellino et al. 2005) , whereas the purified recombinant human Dicer readily binds siRNAs in the absence of ATP (Zhang et al. 2002; Pellino et al. 2005) . Furthermore, ATP has been shown to stimulate Dicer activity in crude mouse embryonal carcinoma cell lysates (Billy et al. 2001) . On the other hand, Drosophila Dcr-2 requires ATP to process dsRNA, even when purified to near homogeneity . Likewise, immunopurified Dcr-1 from Caenorhabditis elegans shows ATP-dependent dicing activity (Ketting et al. 2001) . It therefore appears that the Dicer helicase may serve multiple functions that are emphasized differentially in Dicer enzymes from different organisms.
In addition to lacking an amino-terminal helicase, Giardia Dicer does not contain the carboxy-terminal dsRBD common to most Dicer proteins. Although the function of this domain has never been directly tested, it is likely to be involved in binding dsRNA substrates in a fashion similar to that of the dsRBDs of bacterial RNase III. To help visualize how the dsRBD might fit into the structure of Dicer, we superimposed the crystal structure of bacterial RNase III (Gan et al. 2006) into Giardia Dicer by aligning their RNase III domains (Fig.  6 ). This modeling exercise reveals that the Giardia Dicer structure could easily accommodate a carboxyterminal dsRBD and that in the larger Dicer proteins of higher eukaryotes, the dsRBD is likely to sit adjacent to the RNase IIIb domain, outside of the nuclease core structure.
IMPLICATIONS FOR RISC LOADING
In addition to illuminating the structural basis of dsRNA processing, the structure of Dicer offers insight into another function of the enzyme: RISC loading. After hydrolysis of substrate RNAs, Dicer aids in loading its small dsRNA product into RISC. In Drosophila, Dicer-2 and its partner R2D2 are critical components of the protein complex responsible for loading small dsRNAs into RISC Tomari et al. 2004b) . Likewise, humans contain a similar RISC-loading complex, which is composed of Dicer and TRBP (TAR RNA-binding protein) bound to Argonaute . The structure of Dicer, together with the structure and known biochemical properties of Argonaute (Ago) proteins, reveals the likely overall architecture of the RISC-loading complex.
The prevalent view of RISC loading is that thermodynamic asymmetry along the siRNA or miRNA duplex determines which RNA strand will be retained as the "guide" and which RNA will be discarded as the "passenger." Specifically, the RNA strand with its 5′ end at the thermodynamically less stable end of the siRNA duplex is preferentially loaded into RISC as the guide strand (Khvorova et al. 2003; Schwarz et al. 2003) . Thermodynamic stability is thought to be sensed by R2D2, which binds to the more stable end of siRNAs as they are loaded into RISC (Tomari et al. 2004a ). However, in addition to thermodynamic parameters, the orientation of the small RNA as it is produced by Dicer, or the processing polarity, can also have a role in guide strand selection .
The importance of processing polarity was uncovered by Rose et al. (2005) , who were working to improve siRNA design for commercial research purposes. It had previously been shown that upon transfection into mammalian cells, 27-nucleotide dsRNAs are processed by Dicer into approximately 21-nucleotide products as they enter the RNAi pathway . These Dicersubstrate small RNAs are 100 times more potent inducers of gene silencing than the "prediced" 21-nucleotide siRNAs traditionally used in gene knockdown experiments, presumably because dsRNA cleavage by Dicer is coupled to RISC loading Maniataki and Mourelatos 2005) . However, a disadvantage of 27-nucleotide dsRNAs is that they can be processed by Dicer from either end of the duplex, resulting in a variety of possible 21-nucleotide siRNA products and a higher chance for off-target effects. Rose et al. (2005) found that blunt-ended dsRNAs with DNA bases on the last two nucleotides of the 3′ ends are poorly processed by human Dicer. This finding allowed the design of 27-nucleotide dsRNA substrates that are blocked at one end, forcing Dicer cleavage to result in a single desired product.
The motivation for this work was to improve rational design of Dicer-substrate reagents, but the finding also allowed inspection of the relationship between dsRNA processing polarity and guide strand selection. Rose et al. (2005) prepared pairs of 27-nucleotide dsRNA Dicer substrates designed to produce the same final 21-nucleotide siRNA duplex, but with opposite processing polarity. In seven out of nine cases, silencing of a reporter gene was more efficient when the 5′ end of the strand antisense to the reporter mRNA was positioned at the blocked end of the 27-nucleotide Dicer substrate. Because the two substrates result in identical siRNA duplexes upon cleavage by Dicer, differences in silencing efficiency are independent of thermodynamic asymmetry and most likely due entirely to processing polarity. These results are consistent with the early studies of Elbashir et al. (2001) in Drosophila extracts, which also correlated dsRNA processing polarity with selective target strand cleavage.
These results have several interesting implications when considered together with the structure of Dicer. First, the observation that Dicer processing can be blocked by adding two DNA bases to a blunt-ended dsRNA suggests that the human Dicer PAZ domain cannot bind dsRNA modified in this way. Second, and more importantly, these results reveal that in the absence of thermodynamic asymmetry, the RNA strand that has its 3′ end bound to the PAZ domain of Dicer after cleavage is much more likely to be incorporated as the guide strand into RISC (Fig. 7, left) . Along with the knowledge that in RISC, the 3′ end of the guide strand is bound to the PAZ domain of Argonaute (Song et al. 2003; Ma et al. 2004) , this suggests that the siRNA duplex is passed from the PAZ domain of Dicer to the PAZ domain of Argonaute (Fig. 7, right) . Thus, a likely model for the RISC-loading complex is one in which the PAZ domains of Dicer and Argonaute sit adjacent to one another and the RNase III domains of Dicer sit opposite the PIWI domain in Argonaute (Fig. 7) . TRBP, which has been shown to interact with both Dicer and Argonaute Lee et al. 2006) , may reside between the two where it could function in a manner similar to that of its Drosophila ortholog R2D2 in sensing siRNA thermodynamic asymmetry as the duplex is passed from Dicer to Argonaute.
CONCLUSIONS
The crystal structure of Dicer has revealed how this family of specialized ribonucleases measures and produces dsRNAs of specific lengths that function in various genesilencing pathways. Furthermore, the structure has enabled detailed models for Dicer recognition of imperfectly basepaired substrates and for its interactions with other key proteins involved in RNAi. These models can now be tested experimentally, and provide a framework for investigating the activities of different Dicer enzymes in vivo. 
